Acute lung injury (ALI) in septic patients is characterized by increased lung vascular permeability and severe lung inflammation, which typically develop in concert and lead to progressive deterioration of lung function (Diaz et al., 2010) . LPS, a cell wall component of Gram-negative bacteria, is a causative agent implicated in the pathogenesis of ALI (Andonegui et al., 2003 Everhart et al., 2006; Mehta and Malik, 2006; Bachmaier et al., 2007; Diaz et al., 2010; Karpurapu et al., 2011) . Studies showed that endothelial cells (ECs) are crucial in mediating the lung's inflammatory response by LPS (Andonegui et al., 2003 . LPS binds the endothelial Toll-like receptor 4 (TLR4) via CD14, a membrane-bound glycosylphosphatidyl inositol-anchored protein (Andonegui et al., 2002; Kawagoe et al., 2008; Lloyd-Jones et al., 2008) . TLR4 in turn activates signaling pathways responsible for the generation of proinflammatory cytokines via myeloid differentiation factor 88 (MyD88; Kawai et al., 1999; Medvedev et al., 2002; Bachmaier et al., 2007; Kawagoe et al., 2008) . MyD88 contains the Toll-IL1-R homology RESULTS LPS-induced DAG generation stimulates Ca 2+ entry and Ca 2+ current in ECs via TRPC6 We first addressed whether LPS generates the second messenger DAG in ECs, which in turn can activate Ca 2+ entry via TRPC6. We transduced FRET-based DAG (Violin et al., 2003) and Ca 2+ reporters (Kim et al., 2009) in ECs isolated from WT or Trpc6 / mouse lungs, which were stimulated with LPS. Mouse lung ECs (MLECs) were identified using VE-cadherin and PECAM (CD31) antibodies (Fig. 1 A) . LPS exposure of MLECs increased DAG generation and cytosolic Ca 2+ in a time-dependent manner, as evident from DAG and Ca 2+ reporter activities (Fig. 1 C) . TRPC6 deletion did not impair DAG generation by LPS ( Fig. 1 C) ; rather, it prevented the increase in cytosolic Ca 2+ (Fig. 1 D) . Loss of TRPC6 also did not alter the expression profile of other TRPC channels ( Fig. 1 B) .
In other studies, we loaded MLECs with Fura 2-AM to determine cytosolic Ca 2+ concentration in response to LPS and its dependence on TRPC6 and TLR4. We found that basal cytosolic Ca 2+ concentration did not differ between WT and TRPC6-null ECs (Fig. 1 E) . However, LPS caused a fourfold increase in intracellular Ca 2+ concentration in WT-MLECs, whereas cytosolic Ca 2+ did not increase in TRPC6-null MLECs (Fig. 1, E and F) . Moreover, the loss of TLR4 in MLECs markedly reduced cytosolic Ca 2+ response in cells exposed to LPS (Fig. 1, E and F) , indicating LPS-induced Ca 2+ entry requires TLR4 expression. We ruled out the contribution of TLR2, another known TLR receptor expressed in ECs (Edfeldt et al., 2002; Bertocchi et al., 2011) , in inducing Ca 2 transients because the specific TLR2 agonist lipoteic acid had no effect in increasing intracellular Ca 2+ concentration in WT-MLECs (unpublished data) .
To validate the Ca 2 transient measurements and address whether LPS activates cationic current, we performed wholecell patch-clamp recordings in MLECs. Within 1 min of addition (TIR) domain and death domain through which MyD88 recruits IL-1R-associated kinase 4 (IRAK4) to the Toll/IL-1 signaling domain, resulting in IRAK4 activation (Medvedev et al., 2002; Kawagoe et al., 2008) . IRAK4 activates its effectors IRAK2 and IRAK1 to induce activation of NF-B and other transcription factors required for the generation of proinflammatory cytokines and reactive oxygen species (ROS) and the activation of MAPK (Medvedev et al., 2002; Kawagoe et al., 2008; Kawai and Akira, 2010; Takeuchi and Akira, 2010) . LPS induces lung neutrophil sequestration, as well as neutrophilic and macrophage generation of cytokines and ROS (Andonegui et al., 2002 (Andonegui et al., , 2003 Gao et al., 2002; Garrean et al., 2006; Bachmaier et al., 2007; Xu et al., 2008; Di et al., 2012) , which contribute to the development of ALI (Gao et al., 2002; Bachmaier et al., 2007; Di et al., 2010 Di et al., , 2012 . However, ECs may also have a more direct role in mediating LPS-induced loss of lung vascular barrier function and inflammation (Andonegui et al., 2002 (Andonegui et al., , 2003 Wang et al., 2011) .
A rise in intracellular Ca 2+ is an essential signal required for EC contraction that precedes endothelial barrier disruption (Mehta et al., 2003; Pocock et al., 2004; Cheng et al., 2006; Mehta and Malik, 2006; Singh et al., 2007; Kini et al., 2010; Weissmann et al., 2012) . It remains unknown whether Ca 2+ signaling intersects with the TLR4 signaling pathway, and hence contributes to LPS-induced endothelial permeability and inflammation. Diacylglycerol (DAG), a membrane phospholipid-derived second messenger generated by LPS (Sands et al., 1994; Yamamoto et al., 1997; Monick et al., 1999; Zhang et al., 2001; Xu et al., 2005; Zhang et al., 2011) , is produced upon hydrolysis of phosphatidylcholine (PC) by PC-specific phospholipase (PLC; Sands et al., 1994; Yamamoto et al., 1997; Zhang et al., 2001; Xu et al., 2005) . Yamamoto et al. (1997) demonstrated that LPS induces DAG generation by binding to CD14 (Yamamoto et al., 1997) , a component of LPS-binding TLR4 complex in ECs (Andonegui et al., 2002; Lloyd-Jones et al., 2008) . Importantly, DAG is known to activate transient receptor potential canonical 6 (TRPC6) channels, a nonselective Ca 2+ permeable ion channel (Hofmann et al., 1999; Dietrich et al., 2005a) , which was shown to induce endothelial contraction (Pocock et al., 2004; Singh et al., 2007; Kini et al., after stimulation with LPS (left). Plot shows mean ± SEM from three individual experiments (right). * indicates a significant increase in reporter activity over time zero (P < 0.05). Bars, 5 µm. (E and F) WT, Trpc6 / , or Tlr4 / MLECs loaded with Fura 2-AM for 25 min were stimulated with 1 µg/ml LPS and Fura 2 at a ratio of 340:380 was recorded. Intracellular Ca 2+ concentrations were then calculated as described in Materials and methods. Representative traces show a mean Ca 2+ response of 20-25 WT, Trpc6 / , or Tlr4 / ECs in a given field (E). Plot shows mean ± SEM of changes in intracellular Ca 2+ concentration after (+) stimulation of MLECs with LPS from 2-3 independent experiments (F). * indicates an increase in intracellular Ca 2+ after addition of LPS (P < 0.05). (G, left) Representative traces of LPS-elicited, leak-subtracted currents obtained during voltage ramps from 90 mV to + 90 mV in a WT MLEC (top) and a Trpc6 / MLEC (bottom). Circles indicate current densities at 90 mV, whereas the triangles show current densities at +90 mV. The holding potential was 60 mV. Horizontal bars indicate times when LPS was added to the bath. (right) Current-voltage relationships obtained during ramps from 90 mV to 90 mV at times indicated with (1) and (2) in a WT and TRPC6 / MLECs. (H) Plot shows mean peak current densities of LPS-elicited currents obtained at a holding potential of 90 mV from 7 wild type and 5 Trpc6 / MLECs. * indicates significant increase in current after addition of LPS (P < 0.05). (I) WT-MLECs loaded with Fura 2-AM for 25 min were stimulated with 5 µg/ml LPS, and Fura 2 ratio at 340:380 was recorded. Intracellular Ca 2+ concentration were then calculated as described in Materials and methods. Representative trace shows mean Ca 2+ response of 20-25 MLECs to 50 nM thrombin after LPS stimulation (5 µg/ml). Experiments were repeated at least three times.
of LPS in the bath, we observed a cationic current in WT cells with the peak response occurring within 5 min ( Fig. 1 G, top  left) . The outward current at +90 mV was considerably greater in amplitude than inward current at 90 mV. The currentvoltage (I-V) relationship for LPS-induced current showed outward rectification that reversed at potential of 0 mV (Fig. 1 G, top right), indicating these currents were mediated by nonselective cation channels. Importantly, the LPS-induced current was inhibited by >90% in TRPC6 / MLECs (Fig. 1, G [bottom] and H), indicating the dominant role of TRPC6 channels in the response. We observed that 5 µg/ml LPS did not alter cell viability in that ECs remained fully responsive to thrombin after stimulation (Fig. 1 I) .
In other studies, we used 1-oleoyl-2-acetyl-sn-glycerol (OAG), a cell-permeable DAG analogue, to address whether DAG activation of TRPC6 could increase lung vascular permeability. Using isolated/perfused mouse lungs (described in Materials and methods), we determined pulmonary microvessel filtration coefficient (K f,c ), a measure of vascular endothelial permeability to liquid (Vogel et al., 2000; Tauseef et al., 2008) . OAG produced a fourfold increase in K f,c in WT mouse lungs, but failed to elicit a response in Trpc6 / lungs (Fig. 2 B) . Importantly, basal K f,c values did not differ in WT and Trpc6 / lungs (Fig. 2 A) . To determine whether OAG could also increase lung vascular permeability in vivo (as opposed to the aforementioned isolated/perfused organ), we injected OAG or control vehicle i.v. in mice and measured pulmonary transvascular leakage of Evans blue-labeled albumin (Tauseef et al., 2008; Knezevic et al., 2009 ). Infusion of OAG increased transendothelial albumin influx in WT lungs whereas the response was inhibited in Trpc6 / lungs (Fig. 2 C) . OAG increased intracellular Ca 2+ in WT-MLECs but not in Trpc6 / MLECs (Fig. 2 A) . OAG did not increase intracellular Ca 2+ in WTMLECs in the absence of extracellular Ca 2+ (Fig. 2 A) . Together these studies show that OAG activates the TRPC6 Ca 2+ entry pathway to induce lung vascular permeability.
Involvement of TRPC6 in mediating LPS-induced lung vascular barrier disruption and inflammation
We next addressed the possibility that TRPC6 was important in mediating lung injury after direct LPS exposure via airway instillation (Tauseef et al., 2008; Knezevic et al., 2009 ). Transendothelial albumin leakage in lungs was increased 4-8-fold from baseline at the 2-and 4-h time points, respectively (Fig. 3 A) . The increase in lung vascular permeability and edema formation were not seen in Trpc6 / mice (Fig. 3, B and C) . Also LPS-induced increase in myeloperoxidase (MPO) activity and leukocyte sequestration were markedly reduced in lungs of Trpc6 / mice compared with WT mice (Fig. 3, D and E ). These results demonstrate that TRPC6 is crucial in mediating both lung vascular leakage and inflammation induced by LPS. WT or Trpc6 / MLECs were loaded with Fura 2-AM for 25 min, after which they were exposed to buffer containing 2 mM Ca 2+ or Ca 2+ -free buffer. Changes in intracellular Ca 2+ were determined in response to OAG by converting 340:380 excitation ratio intensity, as described in Materials and methods. Each representative tracing is the mean calcium response of 20-25 cells in a given field. These experiments were repeated three times. (B) Isogravimetric WT or Trpc6 / mice lungs were perfused with 100 µM OAG for 20 min, after which intravascular pressure was raised by 10 cm of H 2 O. Microvascular filtration coefficient (K f,c ) was determined from the slope of lung wet weight gain after normalization by lung dry weight, as described in Materials and methods. Plot shows mean ± SEM of K f,c from four individual experiments. * indicates a significant increase in K f,c over the values without OAG (0 µM; P < 0.05). (C) OAG (100 µM) was administered retroorbitally into the WT or Trpc6 / mice vasculature for 20 min, after which Evans blue-labeled albumin was injected and transendothelial leakage was determined at 30 min. Plot shows mean ± SEM of albumin leakage from four individual experiments. * indicates values that are significantly different from Trpc6 / lungs without OAG or after OAG administration in Trpc6 / mice (P < 0.05).
we transplanted WT BM cells into lethally irradiated Trpc6 / mice (WT → Trpc6 / chimera) or WT mice (WT → WT chimera) and vice versa (Trpc6 / → WT chimera; Trpc6 / → 1957 resulted in 90% mortality in WT mice, whereas 80% of Trpc6 / mice survived (Fig. 5 A) . Because LPS binding to TLR4 triggers an immune response (Andonegui et al., 2003 , we surmised that TRPC6 deletion would also impair cytokine generation. After LPS exposure, the levels of IL-6, IFN-, TNF, and KC were significantly lower in TRPC6-null lungs than in WT lungs (Fig. 5 B) . In other studies, we induced polymicrobial sepsis by cecal ligation and puncture (CLP) in mice to address whether loss of TRPC6 could prevent death in this more severe sepsis model. All WT mice died within 50 h after CLP (Fig. 5 C) , whereas only 40% of Trpc6 / mice died within 50 h, and some of these mice survived up to 150 h (Fig. 5 C) . Also, we assessed cytokine generation after 22 h CLP because at this time point we noted first lethality in WT mice. CLP-induced increase in levels of IL-6, IFN-, TNF, and KC were significantly lower in TRPC6-null lungs than WT lungs (Fig. 5 D) .
TRPC6 is required for NF-B signaling induced by LPS
As the aforementioned prevention of increased lung vascular permeability and inflammation in TRPC6-null mice may be caused by reduced TLR4-mediated NF-B activation, we determined phosphorylation of the NF-B p65 subunit and NF-B-dependent ICAM-1 expression in TRPC6-null Trpc6 / chimera). All mice were studied after confirming engraftment of donor (either WT or Trpc6 / ) BM cells in the recipient mice (Fig. 4 A) . Challenging WT → WT chimera mice with LPS resulted in increased lung vascular permeability and induced edema (Fig. 4 , B and C). However, challenging WT → Trpc6 / chimera mice with LPS failed to induce increase in lung vascular permeability and prevented edema (Fig. 4 , B and C). In addition, LPS increased lung vascular permeability and edema formation in Trpc6 / → WT chimeric mouse to a similar extent as in WT → WT chimera mice, whereas Trpc6 / → TRPC6 / chimera mice failed to respond to LPS (Fig. 4 , B and C). Thus, TRPC6 expression in myeloid cells was not responsible for LPS-induced increase in lung vascular permeability and edema formation, indicating the primary importance of TRPC6 in ECs in mediating leaky lung vessels.
Deletion of TRPC6 renders mice resistant to sepsis
We next investigated the role of TRPC6 in sepsis-induced mortality in response to LPS. LPS challenge (40 mg/kg i.p.) Figure 3 . Deletion of TRPC6 prevents lung vascular permeability, edema, and inflammation induced by LPS. (A) WT mice were exposed to nebulized LPS (1mg/ml) for 1 h. After 3.5 h of LPS exposure, Evans blue-labeled albumin was injected retroorbitally into each mouse to assess lung vascular hyperpermeability. Data represent mean ± SEM of four individual experiments. * indicates significant increase from the PBS-exposed group (P < 0.05).
(B and C) WT and Trpc6 / mice were exposed to nebulized LPS for 1 h. After 3.5 h of LPS exposure, Evans blue-labeled albumin was injected retroorbitally into mice. Evans blue albumin extravasation from lungs or plasma (C) and lung wet/dry ratio (D) were determined after 30 min. Data represent mean ± SEM from four individual experiments. * indicates significant increase from PBS-exposed group (P < 0.05). (D) Lungs from nebulized, LPS-exposed WT and Trpc6 / mice were homogenized, and myeloperoxidase (MPO) activity was determined. Data are shown as mean ± SEM of three individual experiments. * indicates significant increase in MPO activity compared with WT lungs after PBS challenge or TRPC6 / lungs receiving PBS or LPS (P < 0.05). (E) 4 h after nebulized LPS exposure, WT and Trpc6 / lungs were fixed, sectioned, and stained with hematoxylin. The images shown at the left panel are representative sections (Bars, 10 µm), and quantitative results for leukocyte infiltration are shown in right panel. Data represent mean ± SEM of three individual experiments * indicates significant increase in neutrophils counts compared with WT lungs after PBS challenge or TRPC6 / lungs receiving PBS or LPS (P < 0.05).
mice. LPS induced p65 phosphorylation and ICAM-1 expression beginning at 2 h, increased markedly at 4 h, and remained elevated above baseline up to 8 h (Fig. 6 A) . These changes did not occur in TRPC6-null mouse lungs (Fig. 6 B) . LPS also failed to induce ICAM-1 expression in ECs isolated from TRPC6-null mouse lungs (Figs. 6 C). LPS markedly increased production of TNF, IFN-, KC, and IL-6 in WT lungs whereas this was greatly reduced in Trpc6 / mouse lungs (Fig. 6 D) .
Requirement of MYLK activation downstream of TRPC6 in mediating LPS-induced lung endothelial permeability and NF-B activation
Because the nonmuscle isoform of myosin light chain kinase (MYLK), a Ca 2+ -calmodulin-dependent enzyme present in ECs, plays a key role in inducing lung endothelial permeability and inflammation (Garcia et al., 1995; Garcia et al., 1997; Wainwright et al., 2003; Wadgaonkar et al., 2005b; Mehta and Malik, 2006; Ralay Ranaivo et al., 2007; Rossi et al., 2007) , we addressed the possibility that MYLK activation downstream of TRPC6 signaling may be a crucial factor in promoting both lung endothelial barrier dysfunction and inflammation. Thus, isolated-perfused lungs from Mylk / mice (Wainwright et al., 2003) were challenged with OAG to activate TRPC6, and K f,c was measured. Deletion of MYLK markedly reduced the OAG-mediated increase in lung vascular permeability (Fig. 7 A) . Similar to TRPC6-null mouse lungs, MYLK-null mouse lungs failed to elicit NF-B signaling, lung vascular permeability, and edemagenesis in response to LPS (Fig. 7 , B-D). To corroborate the above findings that TRPC6 induces MYLK enzymatic activity, we observed that LPS induced MLC phosphorylation in WT mouse lungs, whereas the response was blocked in MYLK-null mouse lungs similar to findings in TRPC6-null mice (Fig. 7 E) . We next addressed the causal role of TRPC6-dependent Ca 2+ entry in mediating NF-B signaling. These studies were made by transducing human pulmonary endothelial (HPAE) cells with dominant-negative (DN) TRPC6 mutant (678-680-TRPC6 mutant). As predicted, DN-TRPC6 mutant-expressing cells showed markedly suppressed Ca 2+ entry in response to OAG (Fig. 7 F) . Importantly, LPS failed to induce p65 phosphorylation and ICAM-1 expression in cells transducing DN-TRPC6 mutant (Figs. 7 F) . NF-B signaling in response to LPS was also prevented in ECs transduced with the kinase-defective (KD) MYLK mutant (Blue et al., 2002; Giannone et al., 2004; Fig. 7 F) . Moreover, LPS failed to induce MLC phosphorylation in cells expressing either DN-TRPC6 or KD-MYLK mutants. Thus, TRPC6 stimulation and resultant Ca 2+ entry activated MYLK that in turn signaled both lung vascular permeability and inflammation in response to LPS. After irradiation, WT mice were injected with WT or TRPC6 / BM cells. In parallel, TRPC6 / mice were injected with WT BM cells or TRPC6 / BM cells. At 6 wk after BM transplantation, BM cells were isolated from WT or TRPC6 / chimeric mice, fixed, and incubated with anti-TRPC6 antibody followed by Alexa Fluor 488 secondary antibody. Data were analyzed using WinMdi software. Dot plots from two such experiments were generated after gating all BM cells from respective groups of mice against side scatter population, as described in Materials and methods (A). Chimeric mice were exposed to nebulized LPS (1 mg/ml) for 1 h. After 3.5 h, Evans blue-labeled albumin was injected retroorbitally into each mouse as described in Materials and methods. Mice were sacrificed at 4 h to determine lung vascular albumin permeability (B), and lung wet/dry ratio (C). Data represent mean ± SEM from three independent experiments. * indicates values greater than values in WT or Trpc6 / lungs without LPS (P < 0.05).
either expressing DN-TRPC6 mutant or KD-MYLK mutant (Fig. 8, C and D) . Thus, TRPC6-induced Ca 2+ entry and the resultant Ca 2+ signaling-dependent MYLK activation were responsible for activating TLR4 signaling secondary to the MYLK-induced MyD88-IRAK4 interaction.
Rescuing TRPC6 expression in Trpc6 / mice restores leakiness of lung vessels induced by LPS To address whether TRPC6 expression was required and sufficient for the LPS-induced increase in lung vascular permeability and inflammation, we transduced WT-TRPC6 cDNA in TRPC6-null lung vascular endothelium using liposomes (Holinstat et al., 2006; Knezevic et al., 2009) . WT mice injected with liposomes containing vector were used as controls. Immunostaining of TRPC6-null lung sections expressing TRPC6 cDNA showed TRPC6 localization in pulmonary vascular ECs as identified by anti-VE-cadherin co-immunostaining (Fig. 9 A) . Restoration of TRPC6 expression in Trpc6 / lung above findings showed that TRPC6 and MYLK lie upstream of NF-B activation and that TRPC6 requires MYLK to induce lung vascular permeability, we addressed whether TRPC6 functioned through MYLK to induce formation of the MyD88 and IRAK4 complex required for NF-B activation. Lung lysates from LPS-challenged WT mice were immunoprecipitated with anti-MYLK antibody, followed by immunoblotting with anti-MyD88 or anti-IRAK4 antibody to assess their interactions. We found that MYLK interacted with MyD88 basally but, crucially, the interaction of MYLK with IRAK4 increased up to 4 h after LPS and declined within 8 h (Fig. 8 A) . Next, we determined whether TRPC6-induced MYLK signaling was required for the interaction between MyD88 and IRAK4 downstream of TLR4. LPS failed to induce the interaction between MyD88 and IRAK4 in both Trpc6 / and Mylk / mouse lungs (Fig. 8 B) . Further, MyD88 failed to interact with MYLK and IRAK4 in ECs in which TRPC6 and MYLK function was impaired by (40 mg/kg body weight) with LPS and their survival was assessed by log-rank test using 15 mice in each group. (B) Mice were sacrificed 25 h after i.p. injection of LPS (40 mg/kg body weight), and the levels of proinflammatory cytokines were determined in lung lysates using mouse Bio-Plex Multiplex Cytokine Assay kit (Bio-Rad Laboratories). Data represent mean ± SEM from three independent experiments. * indicates values significantly higher than values in WT or TRPC6 / lungs without LPS (P < 0.05). ** indicates values significantly lower than values in WT lungs after LPS (P < 0.05). (C) CLP was induced in WT and TRPC6 / mice as described in Materials and methods, and their survival was assessed using log-rank test. A total of 15 mice were used in each group. (D) CLP-induced cytokine generation in lungs was determined after 22 h of CLP. Data represent mean ± SEM from three independent experiments. * indicates values significantly higher than values in WT lungs without CLP. ** indicates values significantly lower than values in WT lungs after CLP (P < 0.05).
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mechanism of lung inflammation. Thus, our results demonstrate that TRPC6-Ca 2+ signaling-dependent activation of MYLK in ECs was required for increasing both lung vascular permeability and interaction of MyD88 and IRAK4 components of LPS/TLR4-signaling machinery required for inflammation, the two key features of ALI.
Previous studies have shown a key role of the ECexpressed TLR4 in mediating the early stages of the increased vascular permeability and inflammatory responses by LPS Rossi et al., 2007; Zhou et al., 2009 ). LPS besides serving as a TLR4 ligand also activates phosphatidylcholine (PC)-specific PLC (Zhang et al., 2001) , which metabolizes PC into DAG (Sands et al., 1994; Xu et al., 2005; Yamamoto et al., 1997; Zhang et al., 2001) . As DAG is known to activate the TRPC isoform TRPC6 (Dietrich et al., 2005a; Hofmann et al., 1999; Kini et al., 2010; Mehta and Malik, 2006; Sel et al., 2008; Singh et al., 2007) , we surmised that LPS/TLR4 signaling intersects with TRPC6-mediated Ca 2+ signaling in ECs to increase lung vascular permeability and ECs rescued both OAG-and LPS-induced Ca 2+ entry (Fig. 9 , B and C). Expression of TRPC6 in TRPC6-null lungs significantly increased lung trans-endothelial albumin leakage and edema formation in response to LPS to the same level seen in WT lungs (Fig. 9, D-E) .
DISCUSSION
We have identified in these studies a novel function of TRPC6 in ECs in mediating LPS/TLR4-induced lung vascular permeability and NF-B-dependent lung inflammation. We showed that LPS induces the production of the second messenger DAG in ECs, which directly activates the cation channel TRPC6 and does so in a TLR4-dependent manner. TRPC6-mediated Ca 2+ entry in turn activated MYLK, a regulator of endothelial contractility (Garcia et al., 1995 (Garcia et al., , 1997 Mehta and Malik, 2006; Ralay Ranaivo et al., 2007; Rossi et al., 2007) . Importantly, MYLK also functioned as a scaffold to promote MyD88 and IRAK4 interaction, resulting in LPS/ TLR4-mediated NF-B activation and contributing to the Figure 6 . TRPC6 is required for LPS-induced NF-B activation and inflammatory cytokine production. (A) WT mice were exposed to nebulized PBS or LPS for 1 h. Lungs were isolated at the indicated times. Lung lysates were immunoblotted with either phosphoSer536-p65 antibody or ICAM-1 antibody. Densitometric analysis represents mean ± SD of three individual experiments. * indicates significant increase from PBS-exposed group (P < 0.05). (B) WT and Trpc6 / lungs were exposed to PBS or 1 mg/ml LPS challenge. Lungs were harvested at the indicated times, and lysates were immunoblotted with either phosphoSer536-p65 antibody or ICAM-1 antibody. Blots were probed with anti-actin antibodies to verify equal protein loading. Densitometric analysis represents mean ± SD of three individual experiments. * indicate values significantly different from values at 0 h (P < 0.05). (C) WT and Trpc6 / MLECs were exposed to LPS for indicated times. mRNA was isolated and analyzed for ICAM1 expression by real-time PCR. Data represent mean ± SD of three individual experiments. * indicates values higher than values in WT-MLECs at 0 or 2 h, or values in TRPC6 / MLECs after LPS challenge. (D) WT and Trpc6 / lungs harvested 4 h after nebulized LPS challenge were homogenized using RIPA buffer. A total of 100 µl of each lung lysate was used for the determination of cytokines using mouse Bio-Plex Multiplex Cytokine Assay kit. Data are expressed as mean ± SD of three independent experiments. * indicates significance from control group (P < 0.05).
activity requires TLR4 expression. Although we could not show the correlation between appearance of DAG signal and TRPC6-mediated Ca 2+ signal, our results clearly showed that TRPC6-null cells generated DAG but showed no increase in Ca 2+ current or cytosolic Ca 2+ rise in response to LPS; thus, it is apparent that DAG generation occurred upstream of TRPC6 activation. We also did not observe a compensatory TRPC3 expression (another DAG-sensitive Ca 2+ entry channel) in the TRPC6-null ECs as reported for cerebral artery smooth muscle cells (Dietrich et al., 2005b) . Additionally, expression of other TRPC channels in TRPC6-null ECs was not affected in TRPC6-null ECs, ruling out the also induce inflammation. Our results showed that LPS mediates robust DAG generation in ECs as also shown for other cells (Monick et al., 1999; Sands et al., 1994; Yamamoto et al., 1997; Zhang et al., 2001; Zhang et al., 2011) . We showed for the first time that LPS activated Ca 2+ current directly in ECs. Using TRPC6-null mice, we observed that the LPSinduced DAG generation failed to increase Ca 2+ current and lung vascular permeability, thus identifying TRPC6 as the predominant TRPC channel in ECs mediating Ca 2+ entry and the LPS-induced loss of lung vascular barrier function. However, ECs lacking TLR4 showed markedly suppressed Ca 2+ entry in response to LPS, indicating that LPS-induced TRPC6 
05). (C and D) LPS exposed WT
and Mylk / mice were injected with Evans blue-labeled albumin retroorbitally 30 min before termination of experiments and lung wet/dry ratio (C) and albumin extravasation from lungs (D) were determined. Data represent mean ± SEM of three individual experiments. * indicates significant increase from PBS-exposed group (P < 0.05). (E) Lungs from WT, Trpc6 / , and Mylk / mice were harvested 4 h after PBS or 1 mg/ml LPS challenge. Lung lysates were immunoblotted with anti-phospho MLC antibody. Blots were stripped and reprobed with anti-MLC antibodies to verify equal protein loading. Data represent results from three separate experiments. * indicates values that are significantly higher between control versus LPS treatment (P < 0.05). (F, left) HPAECs were transduced either with dominant-negative TRPC6 (DN-TRPC6) mutant or empty vector for 24 h. Cells were loaded with Fura 2-AM. After 15 min, cells were stimulated with 100 µM OAG in 2 mM Ca 2+ buffer and changes in intracellular Ca 2+ in response to OAG were determined ratiometrically. Each representative trace is the average response of 20-25 cells, and these experiments were repeated three times. (right) HPAECs transducing DN-TRPC6 mutant or kinase-dead MYLK (KD-MYLK) mutant for 24 h were stimulated with 1 µg/ml LPS for 4 h. Cell lysates were immunoblotted with phosphoSer536-p65, ICAM-1 or phosphorMLC antibodies. Blots were probed with anti-actin antibodies to verify equal protein loading. Densitometric analysis was performed on data from three separate experiments. * indicates values different from values under basal conditions (no LPS; P < 0.05).
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responsible for lung vascular permeability and edema induced by LPS.
Because LPS stimulated DAG synthesis and activated TRPC6, we addressed the possibility that DAG activation of TRPC6 could also be responsible for the lung inflammatory component of the LPS response. TRPC6-null mice survived longer after CLP, a severe model of polymicrobial sepsis (Bachmaier et al., 2007; Toya et al., 2011) , and the majority of TRPC6-null mice were also resistant to a lethal dose of i.p LPS. In addition, TRPC6-null mice had significantly reduced lung inflammation. Thus, besides the crucial role of TRPC6 in increasing lung vascular permeability, our results demonstrate that TRPC6 signaling is a key regulator of lung inflammation induced by LPS.
possibility that other TRPC channels could have accounted for our findings.
An important question arises as to whether TRPC6-dependent lung injury could only be ascribed to lung ECs or whether myeloid cells such as neutrophils were involved. To determine contributions of myeloid cells, TRPC6-null BM cells were transplanted into lethally irradiated WT mice and vice versa. LPS-induced increase in lung vascular permeability and edema formation persisted in WT mice transplanted with Trpc6 / BM cells. These experiments also showed that the increased lung vascular permeability and edema formation were prevented in Trpc6 / mice, even when mice were transplanted with WT BM cells. Thus, we interpret that TRPC6 expression in ECs (as opposed to myeloid cells) as being A key question is how TRPC6 mediates both TLR4-induced increases in lung vascular permeability and NF-B-dependent lung inflammation. Thus, we focused on the role of MYLK, the Ca 2+ calmodulindependent nonmuscle isoform of MYLK (Garcia et al., 1997; Mehta and Malik, 2006; Rossi et al., 2007) , which is required for actomyosinmediated endothelial contraction and disruption of endothelial junctions that control endothelial barrier function (Garcia et al., 1995 (Garcia et al., , 1997 Mehta and Malik, 2006; Rossi et al., 2007) . Based on findings that LPS activation of TRPC6 failed to phosphorylate MLC in MYLK-null ECs, and lung vascular permeability therefore remained unaltered in MYLK-null mice, we identified MYLK as a crucial effector of TRPC6 signaling. LPS also failed to induce NF-B activation and lung inflammation in MYLK-null mice, further supporting the central role of MYLK downstream of TRPC6 in signaling both lung vascular permeability and inflammation responses to LPS.
TLR4 induces the immune response by activating the adaptor MyD88 and recruiting IRAK4, which then phosphorylates IRAK1 and IRAK2 to induce NF-B activity (Medvedev et al., 2002; Kawagoe et al., 2008; Takeuchi and Akira, 2010) . Besides its role in mediating actomyosin, To address mechanisms of TRPC6-induced lung inflammation, we focused on the role of TRPC6 in regulating NF-B activity. In lungs from TRPC6-null mice, LPS failed to induce p65 phosphorylation, a measure of NF-B activity (Nicholas et al., 2007) , indicating the involvement of TRPC6 in the mechanism of NF-B activation. LPS-induced ICAM-1 expression and IL-6, TNF, and KC production were also abrogated in TRPC6-null mouse lungs. Strikingly, rescuing TRPC6 expression in TRPC6-null mice restored the LPS-induced lung inflammation response demonstrating that TRPC6 is both required and sufficient for mediating the LPSinduced lung vascular permeability. WT or Trpc6 / mice were retroorbitally injected with liposome encapsulating either empty vector or WT-TRPC6 cDNA. After 48 h, lungs were harvested, sectioned and co-immunostained with anti-TRPC6 and anti-VE-cadherin antibody to confirm TRPC6 protein expression in endothelium (A). Images represent results from at least two independent experiments. Bars, 10 µm. In parallel, WT and Trpc6 / MLECs were transfected with vector or WT-TRPC6 cDNA. After 24 h transfection, changes in intracellular Ca 2+ in response to OAG (B) and LPS (C) were determined. (D and E) WT or Trpc6 / mice expressing vector or WT-TRPC6 cDNA were exposed to nebulized 1 mg/ml LPS for 1 h. 4 h later, lung wet/dry ratio (D) and lung albumin uptake (E) were determined. Data are represented as mean ± SEM of three independent experiments. * indicates significance from WT PBS-exposed lungs or lungs not receiving LPS (P < 0.05).
1964
MATERIALS AND METHODS

Materials.
HPAECs, endothelial growth medium (EBM-2), and nucleofector kit and electroporation system were obtained from Lonza. FuGENE transfection reagent was procured from Promega. Anti-Alexa Fluor-568 and -488 antibodies and ProLong Gold antifade were obtained from Invitrogen. Anti-phospho P65, anti-ICAM1, anti-MYLK, anti-VE-cadherin, and protein A/G agarose beads were purchased from Santa Cruz Biotechnology. Mouse anti-rabbit IgG (conformation specific), anti-phospho MLC, antiMyD88, and anti-IRAK4 antibodies were purchased from Cell Signaling Technology. Immunohistochemistry of lung sections was performed using anti-TRPC6 antibody from Sigma-Aldrich, while FACS analysis was performed using anti-TRPC6 antibody from Millipore or APC-VE-cadherin and PE-PECAM1 antibodies from eBioscience.
Animals. All animal studies were approved by the Institutional Animal Care and Use Committee of University of Illinois. Trpc6 / mice breeding pair in a C57Blk/6J background was initially obtained from National Institute of Environment and Health Sciences (NC); Mylk / mice breeding pair in a C57Blk/6J background was obtained from M. Watterson (Northwestern University, Chicago, IL). Trpc6 / and Mylk / mice colony was maintained at pathogen-free animal housing facility at the University of Illinois at Chicago (UIC). C57Blk/6J mice initially acquired from The Jackson Laboratory and bred at UIC were used as WT controls. All experiments were performed on 8-10-wk-old mice.
EC culture. MLECs were isolated as previously described (Tiruppathi et al., 2002) . In brief, blood-free mouse lungs were minced, digested with collagenase at 37°C for 45 min, triturated, and centrifuged at 3,000 rpm. Cell suspension was incubated with PECAM-1-coated Dynabeads for 1 h, after which ECs were magnetically sorted. Isolated ECs were plated on fibronectin-coated T-25 flasks and cultured with DME containing endothelial growth supplement. Cells were trypsinized and characterized by FACS analysis using anti-VE-cadherin, anti-VEGFR2, and anti-CD31 antibodies, which are known EC surface markers. We also determined tube formation in Matrigel as additional indices of EC characteristics. Isolated MLECs were >90% pure.
HPAECs were cultured in a T-75 flask coated with gelatin and growth factor-supplemented EGM2 medium, as previously described .
Transfection of cells. cDNA was transduced into MLECs using FuGENE transfection reagent according to the manufacturer's protocol. Human pulmonary artery ECs were transfected with cDNA using a Nucleofector device obtained from Lonza (Singh et al., 2007; Kini et al., 2010) . Dominant-negative (DN)-TRPC6 mutant (T. Sharma, University of Illinois, Chicago, IL) was generated by deleting LFW sequence (678-680 aa) from full-length TRPC6 cDNA. LFW motif is a structural part of the pore helix of TRPC6 channel (Hofmann et al., 1999) Plasmid pEYFP-N1-TRPC6-WT containing the full-length Homo sapiens TRPC6 (available from GenBank under accession no. NM_004621) was used as a DNA template with DNA polymerase Phusion (Finnzymes) in a two-step PCR method to generate C-terminal YFP tag TRPC6 with deletion of LFW (aa 678-680). In the first step, two PCR fragments were generated using the following primer pairs: fragment A primer pairs, GFP-494-F, 5-ATGTCGTAACAACTCCGCCCCATTGA-3, and TRPC6-dAA678-80-R, 5-CAAAATATAGC/TGTCTTAAAACTCTCTTCAACTG-3; fragment B primer pairs, TRPC6-dAA678-80-F, 5-TTTAAGACA/ GCTATATTTGGACTTTCTGAAGTG-3, and YFP-820-R, 5-TGAA-CTTCAGGGTCAGCTTGC-3. As shown in the primers TRPC6-dAA678-80-F and TRPC6-dAA678-80-R, the forward slash indicated the three amino acids being deleted (aa 678-680 or LFW residues). In the second step of PCR, a final PCR product, fragment C was generated by combining fragments A and B together as PCR DNA templates with primer pair GFP-494-F and YFP-820-R. Fragment C was digested with restriction enzymes 5-EcoR1 and 3-AgeI (New England Biolabs, Inc.) and ligated to the pEYFP-N1 vector (BD) also digested at the same restriction enzyme sites. The resulting plasmid was verified and analyzed by gel analysis and sequencing analysis.
MYLK cross-bridging can function as a scaffold mediating protein that promotes interactions via a specialized 922-aa N-terminal domain (Garcia et al., 1997; Verin et al., 1998; Mehta and Malik, 2006; Wadgaonkar et al., 2005b) . Studies have identified cortactin, 2 integrin, and macrophage inhibitory factor as MYLK partners (Garcia et al., 1997; Verin et al., 1998; Wadgaonkar et al., 2005a,b; Mehta and Malik, 2006) . Because TRPC6 activation of MYLK was required for NF-B activation in response to LPS, we considered whether MYLK mediates TLR4 signaling by promoting MyD88 and IRAK4 assembly. We observed in fact that MYLK immunoprecipitated with MyD88 and IRAK4, and that MyD88 interaction with MYLK preceded that of MyD88 with IRAK4. Moreover, LPS failed to induce MyD88 interaction with IRAK4 in lungs lacking either TRPC6 or MYLK. In addition, TRPC6-mediated Ca 2+ entry and MYLK activity were required for the crucial interaction between MyD88 and IRAK4. MyD88 failed to bind IRAK4 in response to LPS in ECs expressing either DN-TRPC6 mutant or KD-MYLK mutant, and as a consequence NF-B remained inactive. These observations best fit a model in which DAG generation after LPS exposure induces TRPC6-mediated Ca 2+ entry and activates MYLK, which functions as a scaffold mediating MyD88-IRAK4 interaction and inducing NF-B-dependent lung inflammation.
Although our findings help to explain the central role of TRPC6-mediated Ca 2+ entry in mediating MyD88-IRAK4 interaction, details of TRPC6-regulated interaction remain unclear. Structural analysis showed that interaction between MyD88 and IRAK2 required their death domains, which is initiated by oligomerization of MyD88 death domain (Loiarro et al., 2009; Lin et al., 2010) . Although MYLK does not contain a canonical death domain, the presence of several serine/threonine residues in this MyD88 domain (Loiarro et al., 2009; Lin et al., 2010) suggests that they might serve as substrates for MYLK and could induce MyD88 oligomerization and its interaction with IRAK4. The finding that the kinase-defective MYLK mutant failed to interact with MyD88 and prevent MyD88-IRAK4 interaction supports this concept.
The present studies have identified DAG-activated TRPC6 channel as a key mechanism, signaling both LPSinduced lung vascular permeability and inflammation. LPS results in DAG production, which activates TRPC6, and the activated TRPC6 induces MYLK activity that by stimulating actomyosin cross-bridging mediates EC contraction and leads to increased lung vascular permeability. Additionally, activated MYLK promotes MyD88 interaction with IRAK4, thereby triggering NF-B signaling and pulmonary inflammation. Thus, our findings place TRPC6 at the center of the signaling pathways mediating ALI owing to its dual role in increasing lung vascular permeability and mediating TLR4 signaling, which causes lung inflammation through NF-B activation. Because of this pivotal role of TRPC6, we suggest that TRPC6 is potentially useful target for preventing ALI induced by endotoxemia. direction. Peritoneal and skin wounds were closed using 6-0 silk sutures. Immediately after surgery, mice were resuscitated by subcutaneous injection of 1 ml of prewarmed 0.9% saline solution. Mice were monitored every 6 h for 7 d to determine their survival.
Lung vascular liposomal delivery of cDNA for rescue experiments. Cationic liposomes were made using a mixture of dimethyldioctadecylammonium bromide and cholesterol in chloroform, as described previously (Holinstat et al., 2006; Knezevic et al., 2009 ). Vector or WT-TRPC6-cDNA (50 µg) were mixed with 100 µl of liposomes. Liposomes encapsulating cDNA were injected into mouse vasculature via retroorbital injection. After 48 h, mouse lungs were used for determining lung vascular permeability or protein expression (Tauseef et al., 2008) .
Immunohistochemistry. Formalin-fixed, 4-µm-thick lung sections were co-immunostained with anti-TRPC6 and VE-cadherin antibodies along with appropriate Alexa Fluor-labeled secondary antibodies using manufacture protocol (Bethyl Laboratories, Inc.). Lung sections were visualized with a LSM510 confocal microscope (Carl Zeiss, Inc.; Tauseef et al., 2008) .
Assessment of lung vascular permeability to albumin. Evans blue-conjugated albumin (EBA; 20 mg/kg) was injected retroorbitally 30 min before sacrificing the mice to determine vascular permeability, as described previously (Peng et al., 2004; Tauseef et al., 2008; Knezevic et al., 2009) . In brief, blood was obtained from the right ventricle of the heart into heparinized syringes and plasma was separated. Lungs were homogenized. Lung lysates and plasma were incubated with 2 volumes of formamide for 18 h at 55-60°C and centrifuged at 5,000 g for 30 min. The optical density of the supernatant was determined spectrophotometrically at 620 nm (Evans blue) and 740 nm (hemoglobin correction). EBA extravasation was calculated as EBA influx in lung versus that in plasma.
Measurement of vessel filtration coefficient (K f,c ).
Mice were anesthetized with an i.p. injection of ketamine (100 mg/kg body weight) and xylazine (15 mg/kg body weight). Lungs were harvested and microvessel permeability was determined in isogravimetric lungs by determining microvascular filtration coefficient (K f,c ; Vogel et al., 2000; Tauseef et al., 2008; Knezevic et al., 2009) . In brief, outflow pressure was elevated by 10 cm H 2 O for 20 min in isogravimetric perfused lungs. The lung wet weight gain during this time, which is the net fluid accumulation, was recorded. At the end of each experiment, lung dry weight was determined. K f,c (milliliters × min 1 × centimeters H 2 O × grams dry weight 1 ) was calculated from the slope of the recorded weight change normalized to the pressure change and lung dry weight.
Lung edema determination. Left lungs from the same mice used for Evans blue albumin extravasation were excised and completely dried in the oven at 60°C overnight for calculation of lung wet/dry ratio (Barnard et al., 1995; Tauseef et al., 2008) .
BM transplantation (BMT).
WT and Trpc6 / mice were exposed to lethal irradiations with 1000 cGy at a dose rate of 100 cGy/m Weissmann et al., 2012) . At 3 h after irradiation, mice were anesthetized with ketamine (100 mg/kg, i.p.) and xylazine (15 mg/kg, i.p.) and injected retroorbitally with 0.2 ml of 3 × 10 6 donor BM cells (TRPC6-null or WT) using a 27-gauge needle. Experiments were performed 6 wk after confirmation of BM cells transplantation by FACS analysis (see following section; Weissmann et al., 2012; Zhao et al., 2006) .
FACS analysis.
MLECs were characterized using APC-tagged anti-VE cadherin and PE-tagged anti-CD31 antibodies. Isotype-matched APC-and PE-tagged IgG were used as negative controls. Data were acquired using Cyan-II flow Cytometry (Beckman Coulter, Inc.) and analyzed using Summit software.
For determining the efficiency of BM cells transplantation in mice, BM cells were isolated from chimera mice. Cells were fixed and permeabilized Immunoprecipitation. Lungs or ECs were lysed in modified RIPA buffer, and equal amounts of protein were immunoprecipitated with appropriate antibodies over night at 4°C, followed by the addition of protein A/G agarose beads for 4 h at 4°C, as described previously (Knezevic et al., 2009 ). For determining IRAK4 interaction with MYLK or MyD88, blots were first incubated with anti-IRAK4 antibody overnight, followed by reincubation with conformation specific mouse anti-rabbit antibody (Cell Signaling Technology) to eliminate the background from heavy chain.
RT-PCR.
Total RNA was isolated from mice lungs or MLECs using TRIzol agent (Invitrogen) according to the manufacturer's instructions. RNA was quantified spectrophotometrically and reverse-transcribed using specific primers to determine the expression of various TRPC or ICAM-1 (Tiruppathi et al., 2002; Dietrich et al., 2005b; Tauseef et al., 2008) .
FRET-based DAG generation and Ca 2+ entry assessment. WT or Trpc6 / MLECs were transfected with FRET-based DAG (DAGR; A. Newton, University of California, San Diego, La Jolla, CA) or Ca 2+ reporter (Y. Wang, University of Illinois, Champaign, IL), and DAG generation and Ca 2+ mobilization were determined by direct FRET analysis in live cells. DAGR mutant was purchased from Addgene (plasmid #14865). Cells were stimulated with 1 µg/ml LPS and images were captured every 15 s. An image stack was generated with a 458-nm laser line spanning and emission wavelength ranging from 463-602 nm with 10.7-nm bandwidths. At each time point, three images were recorded: CFP, FRET, and YFP. All images were corrected for shading and background was subtracted. Threshold FRET images were used to generate a binary mask that was then divided by the corresponding CFP images to yield a ratio image reflecting DAG generation and Ca 2+ mobilization. Data were analyzed by MetaMorph software.
Cytosolic Ca 2+ measurements. An increase in intracellular Ca 2+ was measured using the Ca 2+ -sensitive fluorescent dye Fura 2-AM as previously described (Singh et al., 2007 . K d represent the dissociation constant of Fura2-Ca 2+ interaction, R is fluorescence ratio, R min is the ratio at zero free calcium, R max is the ratio at saturation calcium (39 µM), F 380 max is the fluorescence intensity with excitation at 380 nm, for zero free Ca 2+ ; and F380 min is the fluorescence intensity at saturating free Ca 2+ .
Patch-clamping of ECs.
We performed the whole-cell patch-clamp technique to determine cationic currents, as previously described (Hofmann et al., 1999; Obukhov and Nowycky, 2005) . The currents were acquired during 300-ms voltage ramps from 100 to +100 mV, with a 2-s inter-ramp interval using the Optopatch amplifier controlled by PCLAMP 10 software (Molecular Devices). The current amplitudes at 90 mV were plotted as a function of time. The pipette solution contained (in mM): 10 EGTA; 3.77 CaCl 2 ; 2 MgCl 2 ; 125 CsMeSO 3 ; and 10 Hepes. The standard extracellular solution contained (in mM): 145 NaCl; 1.2 CaCl 2 ; 1 MgCl 2 ; 2.5 KCl; 10 Hepes; and 5.5 Glucose. The pH of all solutions was adjusted to 7.2. The PCLAMP 10 software package (Molecular Devices) was used for data analysis. All electrophysiological experiments were performed at room temperature (22-23°C).
LPS challenge. Trpc6 / , Mylk / and WT mice housed in sealed container were exposed to a nebulized solution of lyophilized E. coli LPS in sterile saline (1 mg/ml) for 1h at a driving flow rate (8 liter/min) using a small volume nebulizer (Resigard II; Marquest Medical, Englewood, CO) and sacrificed after the indicated times (Tauseef et al., 2008 ).
Polymicrobial sepsis model. Polymicrobial sepsis was induced by CLP as previously described (Bachmaier et al., 2007; Toya et al., 2011) . In brief, animals were anesthetized using 100 mg/kg ketamine and 15 mg/kg xylazine. Cecum was exposed via a midline abdominal incision, ligated below the ileocecal valve, and punctured using 18-gauge needle in mesenteric-antimesenteric with BD Cytofix/Cytoperm solution. These cells were incubated with anti-TRPC6 antibody for 30 min, followed by Alexa Fluor 488 secondary antibody. Size scatter analysis was performed using FACS analyzer to confirm the percentage of the TRPC6-expressing population (Kini et al., 2010) . The analysis was done using WinMdi software. Dot blots were plotted after gating all BM cells from respective groups of mice against side scatter population.
Statistical analysis.
Comparisons between experimental groups were made by one-way ANOVA and post-hoc test. Differences in mean values were considered significant at P < 0.05.
